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INTERACTION BETWEEN COAL AND METHANE 

IN RELATION TO ENHANCEMENT I N  ETHYLENE YIELD 
DURING ENTRAINED-FLOW FLASH PYROLYSIS 
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ABSTRACT 

The f l a s h  p y r o l y s i s  o f  coal i n  a methane atmosphere leads t o  a s i g n i -  
f i c a n t  improvement i n  t o t a l  ethylene produc t ion  by comparison w i t h  p y r o l y -  
s i s  i n  an i n e r t  hel ium atmosphere. A study was undertaken t o  determine 
t h e  f r a c t i o n a l  c o n t r i b u t i o n  o f  coal  and methane feed toward format ion o f  
ethylene. The a n a l y t i c a l  method e n t a i l s  de terminat ion  f 1 3 C  d i s t r i b u t i o n  

a l k y l  s ide  chains ( o r  polymethylene mo i t i es )  o f  coal ,  which are  considered 
t o  be l i k e l y  p recursors  f o r  ethylene, was found t o  be h igher  than i n t h e  
remaining carbon skeleton. The data ava i l ab le  show an i n t e r a c t i o n  between 
methane and coal  du r ing  en t ra ined- f low f l a s h  p y r o l y s i s  o f  coal w i t h  
methane w i t h  respec t  t o  the  increase i n  ethylene y i e l d .  A t  1000°C and 50 
p s i  methane, w i t h  a methane t o  coal r a t i o  o f  1.2, ethylene concent ra t ion  
i n  the  product stream i s  1.3% by volume. O f  t h i s ,  41.8% i s  produced from 
coal  and t h e  remain ing  58.2% i s  f rom methane feed. This corresponds t o  a 

i n  coal ,  methane feed, and product ethylene. The 13 C d i s t r i b u t i o n  i n  

from methane and 1.6% from coal .  carbon conversion o f  1.9% 
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INTRODUCTION 

T r a d i t i o n a l l y ,  f l a s h  py ro l ys i s  o f  coals f o r  the produc t ion  o f  f u e l s  
and chemicals has been c a r r i e d  out i n  a reac t i ve  hydrogen atmosphere and 
non- reac t ive  hel ium, n i t rogen,  and argon atmospheres. The fundamental 
aspects of p r imary  d e v o l a t i l i z a t i o n  o f  coal and secondary c rack ing  o f  
v o l a t i l e s  i n  t h e  above gas media have been inves t i ga ted  ex tens i ve l y  under 
var ious r e a c t i o n  cond i t i ons .  

Over t h e  pas t  few years,  Brookhaven Nat ional  Laboratory has i n v e s t i -  
gated the  p o s s i b i l i t y  o f  using methane ( o r  na tura l  gas) as an e n t r a i n i n g  
gas i n  coal p y r o l y s i s  studies.  Py ro l ys i s  o f  coal i n  a methane atmosphere 
resu l ted  i n  enhanced e thy lene and BTX y i e l d s  over those obtained by t h e  
f l ash  p y r o l y s i s  o f  coal i n  an i n e r t  hel'um atmosphere under the  same con- 
d i t i o n s  o f  temperature and pressure.(lsz\ 

The o b j e c t i v e  o f  the  present study was t o  understand the  r o l e  o f  
methane i n  enhancing ethylene product ion.  O r i g i n a l l y ,  experiments were 

*To whom correspondence should be addressed. 
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planned tagg ing  the  methane gas w i t h  a known amount o f  13CH4. However, 
t h i s  approach was economical ly imprac t i ca l ,  s ince  each experiment would 
use Several hundred l i t r e s  o f  expensive CH4-13CH4 gas mixture.  This 
prompted us t o  look  f o r  o the r  a l t e rna t i ves ,  and a successful  at tempt was 
m de t a k i n g  advantage o f  the  small d i f f e r e n c e  i n  the  na tura l  abundance o f  
l 9 C  i n  coal  and methane. 

The focus was on product ethylene r a t h e r  than on producing a complete 
13C ma te r ia l  balance. Accordingly,  t h i s  paper deals w i t h  the  ques t ion :  
How much o f  the  ethylene i n  the  product stream i s  produced from coal and 
how much from methane feed? 

EXPERIMENTAL 

The f l a s h  p y r o l y s i s  experiments were c a r r i e d  ou t  i n  an e x t e r n a l l y  
heated l - in.-diameter-by-8-f t - long downflow en t ra ined  t u b u l a r  reac tor .  
Preheated hel ium and unlabeled methane gases were fed  i n t o  the  reac to r  t o  
a pressure o f  50 p s i .  A New Mexico subbituminous coal, w i t h  ana lys is  
shown i n  Table 1, was used i n  t h e  study. The coal, premixed w i t h  10% by 
weight o f  Cab-0-Si1 (a fumed s i l i c a  powder) t o  prevent agglomeration, was 
d r i e d  i n  a vacuum oven overnight.  The p a r t i c l e  s i ze  o f  t he  coal was 150 
&m or  less, and coal  from the  same batch was used i n  p y r o l y s i s  experiments 
reported here. The h igh  temperature gas feed i s  mixed a t  the  top  o f  t h e  
reac to r  p reheat ing  the  gases a t  optimum cond i t i ons  of temperature, coa l -  
feed r a t e  and gas-feed r a t e  chosen from previous s tud ies  so t h a t  a h igh  
concent ra t ion  o f  e thy lene was obtained i n  the  product stream. 

Rout ine gas analyses were performed i n  an on - l i ne  GC. I n  add i t i on ,  
grab samples o f  product gas mix tu re  were c o l l e c t e d  i n  s tee l  gas c y l i n d e r s ,  
and the  components i n  the  gas mix tu re  were separated from each o the r  i n  a 
convent ional  GC/MS system us ing  a 6 - f t  Carbosieve S column. The composi- 
t i o n s  o f  normal ethylene (C2H4) and heavy e thy lene (13CCH4) i n  the  mix tu re  
were determined by s e l e c t i v e l y  mon i to r ing  ions  due t o  masses 2 8  and 29. A 
t y p i c a l  example o f  i o n  p r o f i l e s  f o r  masses 28, 29, 30, and 44 i s  shown i n  
F igure  1. The n i t rogen  peak i s  an i m p u r i t y  a r i s i n g  from the  use o f  a gas- 
t i g h t  sy r inge f o r  t r a n s f e r  o f  gas samples from s tee l  cy l i nde rs  o t e 
i n j e c t i o n  po r t  o f  t h e  GC/MS. From the  i n t e g r a t e d  peak area, t h e  15C,15C 
r a t i o  f o r  product ethylene i s  r e a d i l y  ca lcu la ted .  

RESULTS AND DISCUSSION 

The na tu ra l  abundance o f  13C i so tope i s  1.1%. During the  process o f  
photosynthesis,  t h e r e  i s  a d i s c r i m i n a t i o n  13C02 i n  the  r a t e  of 
a s s i m i l a t i o n  when compared t o  t h a t  of Cop. fqinik a r e s u l t  f t h i s  i so-  
tope f r a c t i o n a t i o n ,  wood, crude o i l ,  and coal are enr iched i n  I 2 C  by about 
20 t o  30 O/oo. The i s o t o p i c  c o n s t i t u t i o n  o f  carbon i n  some samples o f  
coa l ,  wood, and methane gas f requen t l y  used i n  our l abo ra to ry  i s  shown i n  
Table 2. Meth ne i s  l i g h t e r  than e i t h e r  coal  o r  biomass. An apprec iab le  
d i f f e r e n c e  i n  I 3 C  enrichment between coal o r  biomass and methane i s  seen 
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Table 1 

Analysis o f  New Mexico Coal (w t  % )  

Rank: Subbituminous 

Moisture (as rece ived) :  7.8 

Proximate Ana lys is  ( d r y ) :  U l t ima te  Ana lys is  ( d r y ) :  

Carbon : 55.9 V o l a t i l e  Mat te r  : 34.9 
Fixed Carbon : 42.4 Hydrogen : 4.3 
Ash : 22.4 N i t rogen : 1.1 

S u l f u r  : 1.0 
Oxygen : 14.9 
(by d i f f . )  

Table 2 

I s o t o p i c  Cons t i t u t i on  o f  Carbon i n  Selected Ma te r ia l s  

Feedstock 6('3C) 9 o/oo* 13c/12c W 1 3 C  

Douglas F i r  Wood -23.3 0.01098 91.11 

Sugar P ine  Wood -24.1 0.0109 7 91.19 

I l l i n o i s  No. 6 
Bituminous Coal -25.7 0.01095 91.34 

New Mexico 
Subbituminous Coal -27.0 0.01093 91.46 

Methane -41.4 0.01077 92.85 

*Analyses repor ted  i n  pa r t s  per m i l  (o/oo) and computed as fo l lows:  

where, 

and 

13C/12Cstandard i s  C O ~  f rom Be lemn i te l l a  americana, 
Cretaceous, Peedee format ion,  South Carol ina,  USA, 
Chicago (POB) standard. 
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i n  Table 2. A small enrichment i n  l 3 C  i s  observed i n  a higher-rank Illi- 
no is  No. 6 bituminous coal when compared w i t h  a lower-rank New Mexico sub- 
bituminous coal. Monin repor ted  a p rogress ive  increas i n  6(l3C found i n  
a ser ies  o f  coals from the  Mahakam de l ta ,  1nd0nesia. f~) The a(I3C) value 
increased from -29.5 o/oo a t  t he  p e a t - l i g n i t e  l eve l  t o  -27.6 o/oo a t  the  
bituminous A l eve l .  

A vast l i t e r a t u r e  e x i s t s  on the  p a r t i a l  ox ida t i on  and thermal crack- 
i n g  o f  methane under var ious cond i t ions .  An exce l l en t  review o f  a r t i c l e s  
on t h i s  sub jec t  i s  a v a i l a b l e  i n  Reference 6. Methane, however, d i d  no t  
undergo homogeneous decomposition i n  the  BNL reac tor .  The Cab-0-Si1 addi- 
t i v e ,  spent char, and reac tor  wa l ls  made o f  Inconol  617 a l l o y  were a l so  
found not t o  promote the  c rack ing  o f  methane t o  ethylene i n  the  absence o f  
coal .  

The New Mexico subbituminous coal was pyro lyzed i n  a methane atmo- 
sphere a t  1000°C. The same coal was pyrolyzed i n  a hel ium atmosphere f o r  
comparison. The gas feed ra tes ,  i n  terms o f  lb-mole per hour, were kept 
i d e n t i c a l  i n  both atmospheres. The reac t i on  cond i t ions  and the  product 
y i e l d s  a re  shown i n  Table 3. The y i e l d s  are cus tomar i l y  repor ted  as per- 
cent conversion o f  carbon contained i n  the  feed coal t o  product. 

The l3C/l2c r a t i o s  o f  product ethylene under var ious experimental 
cond i t ions  obtained f rom GC/MS analyses with an e r r o r  o f  f2%, are shown i n  
Table 4. The f o l l o w i n g  po in ts  are noteworthy: ( 1 )  I n  i n e r t  hel ium 
atmosphere, t he  1 3 C / 1 2 C  r a t i o  f o r  ethylene i s  h igher  than f o r  the  o r i g i n a l  
coal .  I f  13C atoms were un i fo rm ly  d i s t r i b u t e d  throughout the  coal 
"s t ruc tu re , "  one would not expect t h i s  f r a c t i o n a t i o n  e f f e c t .  To e x p l a i n  
t h i s  nonhomogeneit i n  1 3 C  d i s t r i b u t i o n  i n  the  coal ma t r i x ,  i t  i s  sug- 
gested t h a t  t h e  lJC d i s t r i b u t i o n  i n  a l k y l  s ide  chains ( o r  polymethylene 
mo ie t i es )  f coal ,  which are  considered t o  be l i k e l y  precursors f o r  

i s  h igher  than i n  t h e  remaining carbon skeleton. This 
suggests t h a t  t he  o r i g i n  o f  these a l k y l  s ide  chains i s  d i f f e r e n t  from the  
r e s t  o f  t he  coal. This might be due t o  a d i f f e r e n t  k ind  o f  p l a n t  
ma te r ia l ,  a diagenesis organism, o r  something else. ( 2 )  I n  hel ium atmo- 
sphere, t he  concent ra t ion  o f  ethylene i n  the  product stream decreases from 
0.65% a t  900°C t o  0.35% a t  1000°C. However, t he  concent ra t ion  i n  the 
product stream o r  t he  p y r o l y s i s  temperature does not a f f e c t  t h e  1 3 C / 1 2 C  
r a t i o  f o r  ethylene. ( 3 )  Ethylene concent ra t ion  increases s u b s t a n t i a l l y  
when the  coal  i s  pyro lyzed i n  methane. ( 4 )  The 1 3 C / 1 2 C  r a t i o  f o r  e thy lene 
from methanolysis experiments l i e s  between t h a t  from a he l ium run and the  
13C/12C r a t i o  f o r  methane feed. This i nd i ca tes  t h a t  a pa r t  o f  e thy lene i n  
t h e  product stream comes from coal and t h e  remaining from the  methane 
feed. 

On the  bas i s  o f  13C mate r ia l  balance w i t h  respect t o  p roduc t  
ethylene, t h e  ac tua l  f r a c t i o n a l  con t r i bu t i ons  o f  coal and methane feed i n  
t h e  fo rmat ion  o f  ethylene can be determined. For t h i s  ana lys is ,  t h e  
fo l l ow ing  assumptions are made: 
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Table 3 

Product Y i e l d  Data 

Reactor Temprature, OC 900 1000 1000 

Coal Feed Rate ( l b / h r )  1.81 1.81 3.84 
Gas Feed Rate ( l b / h r )  1.04 1.04 4.74 
Gas Feed Rate ( l b -mo le /h r )  0.26 0.26 0.29 
P a r t i c l e  Residence Time (sec) 1.5 1.5 1.5 

Product Y ie lds*  

CH 
58 

E n t r a i n i n g  Gas He He 
Gas Pressure, p s i  50 50 

5.4 6.7 ND 
3.3 1.7 3.2' 
0.3 0 0.5 
3.5 3.3 5.9 

co 4.6 7.2 5.3 
co2 1.8 2.1 1.8 

CH4 

f$ 

* A l l  y i e l d s  based on t h e  carbon contained i n  coal. 
+ Corrected t o  1.6% a f t e r  sub t rac t i ng  t h e  c o n t r i b u t i o n  from the  

Note: The d i f f e r e n c e  i n  the  coal f l ow  ra tes  was not g rea t  enough t o  cause 
methane feed. 

a s i g n i f i c a n t  change i n  ethylene y ie lds .  

Table 4 

I s o t o p i c  C o n s t i t u t i o n  o f  Carbon i n  Product Ethylene 

Ethylene 
E n t r a i n i n g  Temperature Concentrat ion 

Gas OC (mole % )  13c/12c* 136+ 

He1 i um 900 
1000 

Methane 1000 

I, 

,I - 

0.65 0.01295 0.01278 
0.35 0.01295 0.01278 
1.3 0.01167 0.01154 - 0.01077 0.01065 

Averase o f  t h ree  analvses from samDles c o l l e c t e d  under spec i f i ed  
cond i t ions .  

This i s  concen t ra t i on  o f  1 3 C  atoms i n  the  t o t a l  of (12C + 13C). 
+ Not t o  be confused w i t h  6 (13C), o/oo. 

166 



(1 )  A t  g iven temperature and pressure cond i t ions ,  t he  d e v o l a t i l i z a -  
t i o n  c h a r a c t e r i s t i c s  o f  coal a re  the  same i n  both he l ium and 
methane atmospheres. 

The l 3 C / l 2 C  ratio i s  not  a f fec ted  by the  coal feed ra te ,  

The k i n e t i c  i so tope e f f e c t  i n v o l v i n g  1% and 1 2 C  atoms i s  n e g l i -  
g i  b l y  small. 

( 2 )  

( 3 )  

Set t i ng  up a ma te r ia l  balance f o r  1% i n  ethylene, we have 

Amount o f  carbon i n  methane feed. 
Amount o f  carbon i n  coal feed. 
F r a c t i o n  o f  carbon i n  methane converted t o  ethylene. 
F r a c t i o n  o f  carbon i n  coal  converted t o  ethylene. 
To ta l  carbon i n  product ethylene. 
Concentrat ion o f  l3C i n  methane feed. 
Average concent ra t ion  o f  13C i n  coal. 
Concentrat ion o f  l3C i n  product ethylene i n  mthane  
atmosphere. 

The e f f e c t i v e  concent ra t ion  o f  l3C i n  coal i nvo l ved  i n  the  fo rmat ion  
o f  ethylene, as measured i n  an i n e r t  hel ium atmosphere, can be r e l a t e d  t o  
t h e  average concent ra t ion  o f  1 3 C  i n  whole coal by the  f o l l o w i n g  expression: 

where 
1 3 6 ~  = e f f e c t i v e  concent ra t ion  o f  1 3 C  i n  coal invo lved 

i n  the  format ion o f  ethylene 
a = inhomogenity fac to r .  

S u b s t i t u t i n g  f o r  1 3 6 c  and d i v i d i n g  both s ides o f  Eq. ( 1 )  by A e  we 
have 

where xm = wmfm/Ae (4) 
= r a t i o  o f  ethylene produced from methane 

feed t o  t o t a l  ethylene produced. 

xc = aWcfc/Ae 

= r a t i o  o f  ethylene produced from coal t o  
t o t a l  ethylene produced. 

(5) 
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From t h e  d e f i n i t i o n s  f o r  X, and X c  i n  Eqs. ( 4 )  and (51, i t  
fo l l ows  t h a t  

x, + xc = 1.0 

136,, l 3 6 ~ ,  and I3tie a r e  exper imenta l l y  determined and u can be 
Now, Eqs. ( 3 )  and (6 )  can be solved t o  ca l cu la ted  from 136H and 136,. 

ob ta in  the  values f o r  X, and Xc. 

Using the  da ta  shown i n  Table 4, X, and X c  a r e  ca lcu la ted  t o  be 
0.5822 and 0.4178, respec t i ve l y ,  which, s ince  the  k i n e t i c  i so tope e f f e c t  
between 13C and 12C i s  n e g l i g i b l y  smal l ,  means t h a t  58.22% o f  the  e thy lene 
i n  the  product stream i s  produced from methane feed and the  remaining 41.7 
o r i g i n a t e d  i n  coa l  under the  cond i t ions  employed. This corresponds t o  a 
carbon conversion o f  1.92% f rom methane and 1.58% from coal. The e f f e c t  
o f  i n t e r a c t i o n  between coal and methane i n  enhancing the  t o t a l  y i e l d  o f  
ethylene i s ,  thus,  c l e a r l y  ind ica ted .  Conversion o f  methane t o  ethylene 
i n  the  presence o f  coal ,  as observed by the  authors i s  somewhat h ighe r  
than t h e  0.9 - 1.0% conversion reported by Calk ins from p y r o l y s i s  o f  
methane alone a t  85OoC f o r  0.5 sec i n  a f l u id i zed -bed  reac to r  a f t e r  having 
pyro lyzed Alcoa Texas l i g n i t e  i n  i t . ( 7 )  The h igher  carbon conversion i n  
BNL experiments i s  a t t r i b u t e d  t o  the  higher temperature (85OoC vs. 1000°C) 
and increased residence t ime (0.5 sec vs. 1.5 sec). Furthermore, t he  
mineral  mat te r  o r  char from the  New Mexico sub-bituminous coal used i n  our 
study cou ld  have been c a t a l y t i c a l l y  more a c t i v e  than the  l i g n i t e  used by 
Calk ins e t  a l .  

Though t h i s  study es tab l i shes  t h a t  i n t e r a c t i o n  between coal  and meth- 
ane e f f e c t s  t o t a l  ethylene product ion,  it i s  s t i l l  not  c l e a r  whether the  
y i e l d  enhancement i s  due t o  c a t a l y t i c  c rack ing  o f  methane on the coal sur- 
face o r  due t o  chemical reac t i on  o f  methane w i t h  " r e a c t i v e "  ( f r e e  r a d i c a l )  
species generated from coal. It i s  our specu la t ion  t h a t  t he  mechanism i s  
associated w i t h  reac t i on  o f  methane gas w i t h  high-temperature-coal-  
p y r o l y s i s t a r .  React ion s tud ies  using representa t ive  model compounds can 
give g rea te r  i n s i  h t  i n t o  t h e  actual  mechanism. Fur ther  i n v e s t i g a t i o n  
w i th  a complete 15C m a t e r i a l  balance between reac tan ts  and a l l  products 
under d i f f e r e n t  coal  and methane feed ra tes  i s  warranted. 

CONCLUSION 

P y r o l y s i s  o f  coal  i n  methane atmosphere leads t o  a s i g n i f i c a n t  
improvement i n  t o t a l  e thy lene product ion when compared t o  p y r o l y s i s  i n  an 
i n e r t  hel ium atmosphere. This i s  due t o  an i n t e r a c t i o n  between methane 
and coal  d u r i n g  en t ra ined- f low f l a s h  py ro l ys i s .  A t  1000°C and 50 ps i  
pressure o f  methane, and a methane-to-coal r a t i o  o f  1.2, 1.9% carbon from 
the  methane feed, and 1.6% carbon from the  coal feed were converted t o  
produce e thy lene  r e s u l t i n g  i n  a concent ra t ion  o f  1.3 vo l .  % i n  the  
e f f l u e n t  gas stream. 
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